The 4-Hydroxynonenal (HNE) affects vascular dysfunctions probably through the interruption of the cellular redox balance. To better understand vascular abnormalities resulting from the accumulation of HNE, we delineated mechanism by which mitochondrial apoptosis occurs in the YPEN-1 endothelial cells. HNE treatment led to the loss of mitochondrial membrane potential (δΨm), resulting in the release of cytochrome c. Data showed decreased Bcl-2 and increased Bax protein levels in HNE-treated cells. NAC, a reactive oxygen species (ROS) scavenger, and penicillamine, the peroxynitrite scavenger, blocked HNE-mediated ROS generation, thereby thwarting the cytochrome c release and apoptosis. The treatment of the cells with zVAD-fmk, a broad range caspase inhibitor did not suppress HNE-induced apoptosis, suggesting that the apoptosis might be the possibility of caspase-independent process. Our findings delineate the underlying mechanism of the HNE induced endothelial apoptosis by triggering depolarization of mitochondria membrane potential that can lead to the deterioration of vasculature homeostasis and subsequent vascular dysfunction with aging.
Introduction
Endothelial cell aging, with its accompanying vascular dysfunctions, is regarded as a fundamental defect inducing tissue and whole-body aging [40] . Because vascular endothelial cells line the blood vessel wall and serve as a primary barrier, they are under constant attack from oxidative stress caused by various oxidized lipids and proteins in the plasma [21] . Evidence shows that increased accumulation of senescent cells and apoptosis are found in vascular endothelium during aging [23] . Thus, the endothelial cell apoptotic process could play a significant role not only in the normal aging, but also in the progression of age-related vascular diseases.
The activity of reactive aldehydes, such as 4-hydroxynonenal (HNE), 4-hydroxyhexenal (HHE), and malondialdehyde (MDA), exacerbate under enhanced lipid peroxidation [8, 12] . These reactive aldehydes are known to cause redox disturbances and various degenerative processes, including the vascular dysfunction associated with aging [12, 20, 37] . It seems logical that HNE and HHE are the subjects of recent intensified studies investigating their roles in the modulation of cell signaling pathways and the induction of apoptosis [2, 15, 36] . HNE as a potent cytotoxic agent is a byproduct of n-6 fatty acid peroxidation [12, 35] , which can accumulate up to concentrations of 10 μM to 5 mM both in vivo and in vitro [8, 33] . HNE generated by oxidative stress is thought to lead cells to apoptosis [20, 23] , pulmonary edema [10] , and cardiovascular disorders such as atherosclerosis [34] ; however, the involvement of HNE in vascular endothelial dysfunction is unclear and not well studied.
Accumulating evidence established mitochondria as a centerpiece of the apoptotic process. For instance, Pollack and Leeuwenburgh [28] reported that cell loss is directly mediated through mitochondrial dysfunction caused by chronic exposure to oxidants and increased activation of mitochondrial permeability transition (MPT).
Kristal et al. [26] found that HNE and HHE are extremely effective in inducing MPT, which leads to disruptions of calcium homeostasis and mitochondrial transcription. Recently, the mitochondrial dysfunction was turned out to be caused by mitochondrial depolarization in human aortic endothelial cell apoptosis [28, 29] . Nevertheless, HNE's ability to induce vascular endothelial cell dysfunction through the regulation of mitochondrial apoptosis is not yet well described. Accordingly, it is important to define the role of HNE in vascular endothelial apoptosis in relation to mitochondrial dysfunction.
Apoptotic process can occur by important mitochondrial changes. These changes include alterations in the mitochondrial membrane potential (δΨm), mitochondrial transport, and the release of proteins like cytochrome c into the cytoplasm [3, 27] . These events could result in ATP loss, membrane alterations, DNA condensation, and the activation of pro-apoptotic caspases [9] . Released cytochrome c activates the caspase cascade, which leads to the terminal steps of caspase-dependent apoptosis [16] . Medium Media, Nissui, Tokyo, Japan) containing 2 mM L-glutamine, 100 mg/ml streptomycin, 2.5 mg/l amphotericin B and 5% heat-inactivated fetal bovine serum (FBS).
Cells were maintained at 37 o C in a humidified atmosphere containing 5% CO2/95% air. Cells were discarded after 3 months, at which time new cells were obtained from frozen stock. Cells at the exponential phase were used for all experiments, and cell viability (＞90%) was assessed by trypan blue exclusion.
Treatments of cells with HNE, antioxidants and caspase-inhibitor
Commercial HNE, 4-hydroxynonenal (purity ＞98%; Cat. No. 32060), was obtained from Cayman Chemical Inc. recorded using a Zeiss LSM 510 laser scanning confocal microscope with excitation at 488 nm and long-pass detection at 530 nm. A fluorometric assay was performed to determine the relative levels of ROS, such as superoxide radical, hydroxyl radical, and hydrogen peroxide [6] . This assay measures the oxidative conversion of stable, nonfluorescent DCF-DA to the highly fluorescent DCF in the presence of esterases and reactive species [30] . This probe has been used extensively for quantification of ROS and lipid hydroperoxides after careful examination for potential pitfalls in the assay conditions [1] .
Measurement of ROS generation
The RS generation was quantified by measuring the 
Protein analysis by Western blot
Western blotting was carried out as described previously [13] . Cells were harvested, washed twice with ice-cold PBS, and lysed in a TNN buffer (50 mM Tris-HCl, pH 8.0, 120 mM sodium chloride, 0.5% Nonidet P-40) that was supplemented with protease inhibitors (2 μg/ml aprotinin, 2 μg/ml leupeptin, and 100 μg/ml PMSF, and 5 μg/ml pepstatin, 1 mM DTT) and phosphates inhibitors (20 mM NaF and 2 mM 
Measurements of mitochondrial membrane potential (δΨm)
The rhodamine 123 (Molecular Probes, USA) was used as a measure of δΨm according to methods described previously [18] . In brief, cells grown to sub-confluence on glass cover slips were incubated with HNE. Following stimulation for 3 hr, cells were incubated with 10 μM of the dye for an additional 30 min. Then, cells were washed with PBS. Cellular fluorescence was imaged using a Zeiss LSM 510 laser scanning confocal microscope with excitation at 488 nm.
Analysis of cytochrome c release
The release of mitochondrial cytochrome c was determined by Western blot [19] . Briefly, cells were washed twice with ice-cold PBS and resuspended in ice-cold lysing buffer (50 μl of HEPES, pH 7.5, containing 10 mM KCl, 1.5 mM MgCl2, 5 mM EDTA, 1 mM DTT, 2 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, 5 μg/ml pepstatin, 250 mM sucrose, and 150 μM digitonin). Then, cells were vortexed for 10 seconds at low speed and were centrifuged for 4 min at 3,000 rpm at 4 o C. The supernatant was further centrifuged for 10 min at 12,000 rpm and then loaded on 15% SDS gel.
After electrophoretic separation, the proteins were transferred to nitrocellulose membrane (Hybond C, Amersham Corp) and the blot was incubated with monoclonal anti-cytochrome c antibody (Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA), followed by reaction with horseradish peroxidase-conjugated secondary antibody.
Statistics
ANOVA was conducted to analyze significant differences among all groups. Difference among the means of individual groups was assessed by the Fischer's Protected LSD post hoc test. Values of p＜0.05 were considered statistically significant.
Results and Discussion
Free radical-mediated lipid peroxidation and its reactive byproducts, like HNE are known to cause cellular structural perturbations and various redox-related degenerative processes, including vascular dysfunction [12, 20, 36] . To assess the HNE-induced oxidative stress in vascular endothelial cells, we analyzed ROS production using confocal microscopy. As shown in Fig. 1 , ROS levels increased in HNE-treated (5 and 10 μM) YPEN-1 cells, compared to the untreated control cells. Further, treatment with 10 μM HNE increased the fluorescence intensity in ROS levels more than that of 5 μM HNE, indicating a does-dependent generation of ROS by HNE. Under normal and pathological conditions, endogenous concentrations of HNE may increase significantly and accumulate in cellular membranes as much as 5 mM in response to oxidative stress as reported [12, 33] .
Under these conditions, the concentration of 10 μM in our study could play significant role. Depolarization of mitochondrial membrane (δΨm) is an early event of apoptosis [41] . We monitored changes in δΨm by loading mitochondria hr. These observations indicate that HNE induced loss of δΨm, resulting in cytochrome c release. In this study, we obtained evidence of cytochrome c release and caspase-3, which most likely occurred following mitochondrial depolarization by the action of HNE. It was reported that HNE could lead to the release of cytochrome c from in mitochondria in RAW 264.7 cells [15] . The pre-apoptotic δΨm disruption, i.e., membrane depolarization, was expected to mediate a change in MPT, in which the opening of the mitochondrial megachannel appears to be critical to the apoptotic process [19] . The interrelationship of mitochondrial depolarization and MPT has been reported [32] . As the dissipation of δΨm was associated with the release of cytochrome c from mitochondria, Western blot analysis for cytochrome c and caspase-3 were carried out. The results show that the disruption of the mitochondrial membrane by HNE caused changes in the membrane potential followed by the release of cytochrome c into the cytoplasm (Fig. 3A) and cleavage of caspase-3 (Fig. 3B) . Anti-apoptotic proteins, e.g., Bcl cytochrome c is liberated from the mitochondrial membrane [25] . As shown in Fig. 4A , the Bcl-2 protein level was decreased by 10 μM HNE treatment, while the level of the Bax protein was increased (Fig. 4B) , indicating that HNE caused endothelial apoptosis through the enhancement of apoptotic Bax and the suppression of anti-apoptotic Bcl-2. Mikhailov and coworkers [22] found that Bcl-2 protect cells from apoptosis by preventing Bax oligomerization in the outer mitochondrial membrane. Data on our findings regarding the HNE activation on Bcl-2 (Fig. 4) suggest HNE reduces transcription of Bcl-2. Lipid peroxidation causes a loss of mitochondrial δΨm, thereby releasing cytochrome c into cytosol, leading to apoptotic cell death. Cheng et al. [7] reported that HNE mediates apoptosis through its effects on c-Jun N-terminal protein kinase (JNK) and caspase-3, and modulates oxidative stress-induced apoptosis by regulation of glutathione S-transferase (GST). Also it was reported that, in vascular smooth muscle cells, HNE promote apoptotic cell death through nuclear factor kappa B (NF-κB) activation [31] . Additional evidence showing HNE as a potent mediator of apoptosis through cytochrome c in RAW 264.7 cells was reported by Haynes et al. [15] . Although apoptosis in- However, our new data clearly indicate that some of apoptotic phenomena are carried out by caspase-independent pathway [24] . A recent review by Donovan and Cotter [11] highlighted the caspase-independent cell death as an important characteristic of programmed cell death. Based on our data from the effects of NAC and penicillamine, HNE-induced apoptosis is most likely mediated through HNE-initiated oxidative stress on mitochondrial depolarization to release pro-apoptotic factors from the mitochondrial intermembrane space, resulting in cell death.
In summary, our findings demonstrated that HNE triggered apoptosis through the release of cytochrome c without caspase activation. Thus, the induction of mitochondrial ROS generation by HNE may be the priciple causative for the endothelial apoptosis. This new information on the initiation of mitochondrial membrane depolarization by HNE, resulting in caspase-independent endothelial apoptosis offers better molecular mechanism for further exploration.
